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A B S T R A C T

As a promising solar absorber, the Cu2ZnSnS4 compound has been popular recently for the production of

green and economical thin-film solar cells owing to the abundancy and non-toxicity of all the

constituents. In this study, we have produced Cu2ZnSnS4 films via the sol–gel technique. As a stabilizer,

the effects of the diethanolamine on the properties of the films were investigated. The amount of

diethanolamine significantly affected the crystal structure, crystallite sizes and phase purity of the films.

X-ray diffraction and Raman spectroscopy analyses confirmed the formation of phase-pure CZTS films. It

was found that the film produced by using 2 ml of diethanolamine in sol exhibited pure CZTS phase,

compact and dense morphology and enhanced photo-sensitivity. Light on/off current ratio of the n-Si/

Cu2ZnSnS4 junction was found to be 47 under 100 mW/cm2 of illumination. Electrical activation energies

of the films were investigated and the variations were attributed to delocalized phonon states generating

from the presence of other phases and lattice defects.

� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Extensive use of photovoltaic technologies (PV) has the
potential to offer modern society larger long-range economic
and environmental sustainability than currently possible with
carbon-based fuels. Due to a rapid increase in demand for
renewable energy sources, the production of solar cells has
increased significantly. In order to make photovoltaic devices more
widespread, cheaper, more efficient, greener solar cells have to be
developed [1]. To produce PV technologies with capacity of
terawatt levels, it is crucial to develop low-cost solar cell materials
and technologies.

Thin-film chalcogen materials, especially CuInSe2 (CIS), CuIn-
Ga(S,Se)2 (CIGS) and CdTe, are currently used in the production of
large-scale, commercial, photovoltaic devices. However, the
scarcity of indium and tellurium in the earth’s crust limits the
future of CIGS- and CdTe-based solar cells. In addition, the price of
In and relatedly solar-cell production costs will increase in the near
future due to the extensive use of indium in display technologies
and opto-electronic devices. Another problem with CdTe-based
solar cells is that the cadmium (Cd) is very toxic to health and the
environment. This problem has led researchers to search for more
abundant and greener materials. Because of its similar properties
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to the CIGS compound, the I2-II-IV-VI4 group has been receiving
attention as a new-generation absorber materials. The Cu2ZnSnS4

(CZTS) compound is a good candidate for photovoltaic applications
as an absorber layer [3–6] and has a direct band gap ranging from
1.4 to 1.6 eV which is close to the optimum value required for a
solar cell’s absorber layer, a high absorption coefficient in the
visible solar spectrum wavelengths and p-type conductivity [7].
However, even though it is a promising absorber material, the
studies on CZTS-based solar cells are at an early stage [2]. An
efficiency of 11.1% has been reported for CZTS-based solar cells in
laboratory conditions [8]. But in view of the fact that the
theoretical efficiency of CZTS is about 32.2% [9], more studies
are required to increase the efficiency and to develop ecological
production methods, which would ensure successful commercial-
ization [10]. CZTS thin films have been prepared via various
methods such as physical vapor deposition [2,4,6,11–19], electro-
chemical deposition [1,20–22], sol–gel [23–32] and successive
ionic layer adsorption-reaction methods [33–35,40–42]. Aqueous
solution deposition methods have several advantages, very
important one being that a variety of thin films can be grown at
low temperatures using cheap manufacturing equipment. The sol–
gel method is a very simple and low-cost process based on
hydrolysis and poly-condensation reactions. Sulfide films can be
directly obtained by sulfurizing oxyhydrate precursors. In order to
utilize the sol–gel technique for obtaining crack-free, uniform,
transparent, and strongly adherent films, sol stabilization is one of
the essential steps in the film formation [43]. To stabilize the sol
and to reduce the rates of hydrolysis and poly-condensation
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Fig. 1. Obtained XRD patterns of the CZTS films deposited by using the solutions

containing different DEA content.
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reactions by forming complex intermediates [44,45], various
stabilization or chelating or complexing agents have been used.
Diethanolamine (DEA), diethylenetriamine, monoethanolamine,
acetylacetone, acetic acid and polyethylene glycol have widely
been used for this purpose [46–52]. Diethanolamine (DEA) is
frequently used as a stabilizer in various sol–gel systems [52–55].
To date, several groups have reported CZTS thin films produced via
the sol–gel method. However, to the best of our knowledge, the
properties of CZTS compound have not been investigated with
respect to DEA content. Therefore, in this study we prepared high-
quality, dense CZTS thin films on quartz-glass and n-type silicon
substrates using the sol–gel spin-coating method and investigated
the structural, morphological, electrical and optical properties of
CZTS films with respect to DEA content in sol solution. To tolerate
sulfur loss during annealing, the annealing process was carried out
in a vacuumed quartz tube containing elemental sulfur which is a
non-toxic material.

2. Experimental

The CZTS precursor solutions were prepared by dissolving
copper (II) acetate monohydrate (0.3 M, 98%), zinc (II) acetate
dihydrate (0.3 M, 99.99%), tin (II) cloride (0.3 M, 98%) from Sigma–
Aldrich and thiourea (1.2 M, 99.0% from Sigma Aldrich) into 2-
methoxyethanol (20 ml, 99.8% from Sigma Aldrich). The final
solutions were stirred at 45 8C, 850 rpm for 1 h to dissolve the
metal compounds completely. During stirring, 2, 3, 4, and 5 ml of
diethanolamine (DEA) were dropped slowly into each solution as a
stabilizer. After 24 hours of aging, it was observed that the
prepared solutions were stable. The prepared solutions were aged
for 24 hours and quartz-glass slides were used as substrates which
were ultrasonically cleaned in turn with detergent, nitric acid
(1:4), acetone and ethanol for 10 min. To produce the CZTS films,
the prepared solutions were spin-coated onto quartz and n-type
silicon substrates at 3000 rpm for 30 s followed by solvent-drying
at 175 8C for 10 min on a hot plate. The spin-coating and solvent-
drying processes were repeated 10 times to obtain the desired
thickness of the films. Finally, the samples were subjected to an
annealing process for 2 h at 500 8C in a quartz tube containing 10 g
of elemental sulfur. Before the annealing, the tube furnace was
evacuated to 5 � 10�4 mbar. The heating rate was 5 8C/min. After
the annealing process, the samples were allowed to cool naturally
to room temperature.

Silver paste was used to obtain ohmic contacts. The structural,
morphological and optical properties of the samples were
examined by X-ray diffraction (XRD, PANalytical X’Pert PRO
MPD with the wavelength of 1.5418 Å Cu Ka radiation), Raman
spectroscopy (Confocal Raman spectrometer, Witec alpha 300 with
532 nm light source), scanning electron microscopy (SEM, JEOL
JSM 5800), energy dispersive X-ray spectroscopy (EDXS, Oxford
Instruments ISIS 300), absorbance spectroscopy (UV/Vis/NIR
spectroscopy, Lambda 950 with 150 mm integrating sphere)
methods. Resistance-temperature characteristics of the samples
were investigated by two point probe method in the temperature
range of 300–420 K through a Keithley 6487 interfaced with
computer by a Labview program. Photo-transient current of the
Ag/n-Si/CZTS/Ag structures were obtained at 2 V under 100 mW/
cm2 of illumination. The intensity of light was measured with a
luxmeter (Testo-540).

3. Results and discussions

3.1. Structural studies

CZTS exhibits Kesterite crystal structure with lattice param-
eters a = 0.5427and c = 1.0848 nm [34]. The structural character-
ization was performed using X-ray diffraction (XRD) and Raman
techniques. The diffraction patterns were obtained with a 40 keV
operating voltage and a current of 35 mA. The step size and scan
step time were 0.0330? and 1 s, respectively. Fig. 1 shows the
obtained XRD patterns of the films deposited by using the solutions
containing different DEA content. The patterns of the films show
characteristic peaks (marked with ‘‘&’’’’ symbol) of CZTS (JCPDS:
00-026-0575) located at 28.56, 33.07, 47.44 and 56.29?. However,
the patterns of the samples deposited in the solutions containing 3,
4 and 5 ml DEA show also some other peaks (marked with ‘‘*’’
symbol) indicating the presence of SnS phase (JCPDS: 00-022-
0950). From the full width of half maximum (FWHM) analysis [56],
mean crystallite size of the films were calculated to be 8, 16, 18,
and 21 nm with respect to increasing DEA content (Table 1). As can
be seen that mean crystallite sizes of the films significantly
increase with increasing DEA content. A similar trend in particle
size was obtained from the SEM analysis. As a result it can be
concluded that DEA content in the growth solution dramatically
affects the crystal structure and phase purity of the CZTS films.

Binary or ternary sulfides such as ZnS, Cu2�xS and Cu2SnS3 have
similar diffraction patterns to CZTS owing to their similar zinc
blend-type structures. To prove the phase purity or to detect the
presence of other possible secondary phases, Raman spectroscopy
analyses of the samples over the range 200–500 cm�1 were also
made and the results are given in Fig. 2. In all Raman spectrum of
the samples, four obvious peaks at 287, 314, 337, and 371 cm�1 can
be clearly seen. The peaks seen at 287, 337 and 371 cm�1 are in



Table 1
Estimated mean crystallite size, impurity levels’ activation energy and optical band

gap values of the studied CZTS films.

DEA

content

Mean crystallite

size (nm)

Impurity levels’

electrical activation

energies (meV)

Estimated optical

band gap value (eV)

2 ml 8 610 1.49

200

3 ml 16 450 1.59

195

4 ml 18 620 1.52

215

5 ml 21 500 1.48

210
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good agreement with the reference Raman spectra of CZTS [57] and
confirms the formation of the CZTS phase. As detected through
XRD studies of the samples which were derived from the solutions
containing 3, 4, and 5 ml of DEA, a minor peak at 314 cm�1

corresponds to a small amount of SnS2 phase.
Additionally, the strong major peak at 337 cm�1 in all Raman

spectrum is an indication of the good crystalline quality of our
Fig. 2. Raman spectroscopy a
films. It is note-worthy to mention that the absence of some peaks
such as peaks at 351 and 274 cm�1 corresponding to ZnS phase, a
peak at 475 cm�1 corresponding to Cu2�xS and a peak at 345 cm�1

corresponding to ZnS:Cu [12,14,58] suggest the absence of these
compounds in our CZTS samples.

3.2. Surface morphology

Plane-view SEM images and relative elemental composition
results of the semi-quantitative, energy-dispersive X-ray spec-
troscopy (EDXS) analysis, which just illustrate the elemental
composition of the CZTS films, of the CZTS films prepared using
different DEA volume in sol solution are shown in Fig. 2. They
reveal that all samples show smooth, compact and densely packed
morphology and are near to stoichiometry. For the film prepared
when the DEA content is 5 ml (Fig. 2a), some cracks and voids were
observed through the SEM images. When the DEA concentration
was decreased the density of the cracks and voids reduced rapidly
(Fig. 2b,c). Finally the cracks and voids disappeared when the DEA
concentration was 2 ml in the sol solution (Fig. 2d). Hence, it can
be deduced that DEA concentration in the sol is very crucial to
nalyses of the samples.
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obtain void/crack-free CZTS thin films. EDXS analysis also show
that the samples have excessive sulphur which may be caused by
much elemental sulphur used in the sulphurization stage.

3.3. Resistivity-temperature characteristics of the films

In order to find impurity levels’ electrical activation energies,
resistance-temperature behavior of the samples was investigated
in the temperature range of 300–420 K. Silver electrodes were
painted on the surface of films to get ohmic contact. It can be
concluded from the solid-state theory of semiconductors [33,34],
in case of a semiconductor with one or more impurity levels, the
temperature dependence of dark electrical resistance is given by

RðTÞ ¼ RoeEg=2kT þ
Xn

i¼1

R
0

0;ie
DEi=kT (1)

In Eq. (1), Roand R
0
0;i are constants, Eg is the thermal band gap

energy, DEi is the electrical activation energies of the impurity
levels, k is Boltzmann constant, and T is temperature. In a
relatively lower temperature, the overall conductivity of the
semiconductor samples is dominated by the charge carriers
generated by ionization of impurity levels (extrinsic conductivi-
ty), and thus the second term in Eq. (1) prevails in the RT

dependence. At relatively higher temperatures, besides, the
temperature dependence of conductivity is dominated by the
band-to-band electronic transitions. The charge carriers acquire
enough thermal energy to make an inter-band transition (the
intrinsic conductivity is ‘‘activated’’ at these temperatures) under
certain conditions [34]. According to previous discussion, the two
terms appearing in Eq. (1) may be used independently in the
corresponding temperature intervals. So in the graph of ln(R) vs
1000/T, a number of linear trends appear which indicate a number
of impurity levels. Thus the second term in Eq. (1) prevails in the
Fig. 3. Plane-view SEM images and relative elemental composition of the CZTS film
RT dependence in the studied temperature interval (300–420 K).
The decrease of dark electrical resistance upon increase of
temperature in the region of extrinsic conductivity (correspond-
ing to the lower temperature interval) follows the equation:

RðTÞ ¼
Xn

i¼1

R
0

0;ie
DEi=kT (2)

Fig. 3 shows ln(R) vs 1000/T graphs of the samples. The
presence of two regions with different slops in Fig. 3 suggests that
there are two types of conduction mechanism present in the
studied samples. By using Eq. (2), DE can be easily written as

DE ¼ k
dðlnRðTÞÞ

dð1=TÞ (3)

Electrical activation energy values of the impurity levels were
estimated from the slopes of ln(R) vs 1000/T graphs. The obtained
impurity level electrical activation energy (DE) values are given in
Table 1. These values are in good agreement with the literature
[35–39]. The variations in electrical resistivity and activation
energies may be related to delocalized phonon states generating
from presence of other phases/lattice defects. Disordered networks
generate a delocalization of phonons. If the material has more
ordered structures, the delocalized phonon states are reduced
leading to an improved electrical transport mechanism of the
semiconductor material [31].

3.4. Photo-transient current characteristics of the Ag/n-Si/CZTS/Ag

structure

To see the potential photo-conversion capability of the CZTS
film, an n-Si/CZTS hetero-junction was also fabricated. For this
purpose the CZTS precursor solution containing 2 ml of DEA was
spin-coated on n-type silicon substrate. The photo-transient
s prepared using different DEA in sol solution a) 5 ml b) 4 ml c) 3 ml d) 2 ml.



Fig. 4. ln(R) vs 1000/T graphs of the CZTS films.

Fig. 6. Optical absorption behavior of the CZTS films.
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current curves of the produced Ag/n-Si/CZTS/Ag structure at 2 V
under different illuminations are shown in Fig. 4. As seen from the
Fig. 4 that the n-Si/CZTS junction exhibits good photo-conductivity
and there is a sudden change in the photo-current. The Ion/Ioff ratios
for the junction were found to be 47, 35 and 30 for the 100, 75, and
50 mW/cm2 of illuminations, respectively. This behavior confirms
photo-sensitivity of the produced structure and suggests that the
Ion/Ioff ratios are enough for solar conversion applications.
Fig. 5. The photo-transient current curves of the produced Ag/n-Si/CZTS/Ag

structure under different illuminations.
3.5. Absorption behavior

Near the absorption edge or in the strong absorption zone of the
transmittance spectra, the absorption coefficient is related to the
optical energy gap, Eg following the power-law behavior of Tauc’s
relation [59]

ðahnÞ ¼ Bðhn � EgÞm (4)

Where, B is an energy-independent constant, Eg is the optical band-
gap energy and m is an index that characterizes the optical
absorption process and is theoretically equal to 2 and 1/2 for the
indirect and direct allowed transitions, respectively. Fig. 5 and
Fig. 6 show the absorption behavior and the band-gap photon-
energy estimations of the CZTS films, respectively. The band-gap
estimations were performed by extrapolating the linear region of
the plot of (ahn)2versus hn to the horizontal axis and considering
the intersecting point. As can be seen from Fig. 6, the samples
exhibit a linear dependence which indicates the directly allowed
nature of the films. Thus, we can choose m as 1/2. By plotting the
graph of (ahn)2against the photon energyhn, the band gap values
were estimated to be 1.49, 1.59, 1.52, and 1.48 eV for the samples
deposited in the solutions containing 2, 3, 4, and 5 ml DEA,
respectively. The Egvalue of the CZTS compound, as a p-type direct-
band-gap semiconductor, has been reported to be between 1.4 and
1.6 eV [2,4,7,16,18]. It can be said that the estimated results are
quite close to the optimum band gap for a solar cell. Fig. 7

As it is generally known that, additives used in aqueous
methods control the surface morphology, crystalline structure,
grain size, internal stress, corrosion behavior, and even
chemical composition [60,61]. In sol–gel method, sol stabiliza-
tion which has been usually made by using DEA is one of the
essential steps in the film formation [43]. In precursor preparing
step, DEA content deeply affects the solution properties such as
density, color, amount of dissolved substances, and homogenei-
ty. As it is discussed in SEM and XRD studies, DEA amount
changed the morphology and structure of the films. Thus, the



Fig. 7. Band-gap photon-energy estimations of the CZTS films.
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variation in the optical band gap values of the samples may be
attributed to grain size, morphology, and chemical composition.

4. Conclusions

We prepared high-quality, dense CZTS thin films on quartz-
glass and n-type silicon substrates using the sol–gel spin-coating
method and investigated the structural, morphological, electrical,
and optical properties of CZTS films with respect to DEA content in
sol solution. To tolerate sulfur loss during annealing, the annealing
process was carried out in a vacuumed quartz tube containing
elemental sulfur which is a non-toxic material. The effects of DEA
content in the sol solution on the structural, morphological,
electrical, and optical properties of the films were investigated in
detail. From the XRD results, the diffraction patterns of the samples
matched very well with the references and indicated the
polycrystalline nature of the films. In the patterns of the samples
deposited in the solutions containing 3, 4, and 5 ml DEA, some
other peaks indicating the presence of SnS phase were observed.
Raman spectroscopy analyses confirmed phase purity of the film
produced by using 2 ml of diethanolamine in solution. The
crystallite sizes of the films significantly increased with increasing
DEA content. DEA content in the growth solution dramatically
affected the crystal structure and phase purity of the CZTS films.
The plain-view SEM images revealed that the studied samples
show smooth, compact, and densely packed morphology. The
variations in electrical resistivity and activation energies were
attributed to delocalized phonon states generating from the
presence of other phases/lattice defects. Under different illumina-
tion densities, the n-Si/CZTS junction exhibited good photo-
conductivity. The Ion/Ioff ratios confirmed the photo-sensitivity of
the produced structure. Optical band gap values of the films were
estimated via UV–vis spectroscopy and found very quite close to
the optimum band gap for a solar cell. In a further study, the effects
of smaller DEA contents in CZTS sol solution will be investigated.
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[12] P.A. Fernandes, P.M.P. Salomé, A.F. da Cunha, Thin Solid Films 517 (2009) 2519–
2523.
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